Context: Numerous studies investigated the link between hypothyroidism and mortality, but a definite conclusion is hard to reach as these were limited by a number of factors, including age of participants, comorbidities and single measurement of thyroid function. Objective: To evaluate the association between TSH and fT4 levels and mortality in patients with levothyroxinetreated hypothyroidism. Design and setting: Observational data of hospitalized patients (2011)(2012)(2013)(2014). TSH and fT4 levels obtained between at least 30 days after discharge and until death or end of follow-up were collected. Median TSH and fT4 levels were stratified into categories. Patients: In total, 611 patients with treated hypothyroidism, aged 60-80 years (72% females, mean age 71 ± 6 years) were included in the study. Main outcome measure: All-cause mortality up to 66 months after discharge, by TSH and fT4 categories. Results: During follow-up, the average numbers of TSH and fT4 measurements were 5.5 ± 3.8 and 2.5 ± 4.2 per patient respectively. Mortality rates were 28%, 29% and 54% with median TSH of 0.5-2.5, 2.5-5.0 and 5.0-10.0 IU/L respectively. Adjusted hazard ratios for mortality with median TSH between 5.0 and 10.0 IU/L were 2.3 (95% CI: 1.6-3.4) and 2.2 (95% CI: 1.6-3.2) compared with patients with TSH between 0.5-2.5 IU/L and 2.5-5 IU/L respectively. There was no difference in mortality between patients with median fT4 10-15 or 15-20 pmol/L. Conclusion: In treated hypothyroid adult patients and serial measurements of thyroid function tests, median TSH levels of 5-10 IU/L are associated with increased mortality with no effect of fT4 levels. Treatment should aim at achieving euthyroidism to improve survival.
Introduction
Thyroid function disorders are common in the general population, and the prevalence of overt hypothyroidism ranges between 1% and 7% (1, 2) . Although autoimmune thyroiditis is the most common cause of hypothyroidism in elderly subjects, other causes, such as drugs, neck radiotherapy, thyroidectomy or radioiodine therapy are frequently observed in this population (3) . Previous studies in elderly patients have suggested an association between thyroid dysfunction and mortality (4, 5) .
Numerous studies investigated the link between subclinical and overt hypothyroidism and mortality, with conflicting results (4, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17) . Waring et al. reported that a single measurement of thyroidstimulating hormone (TSH) and free T4 (fT4) did not predict the mortality in older men (7) . Iglesias et al. investigated thyroid function in hospitalized patients and demonstrated an association between alteration in thyroid function tests during hospitalization and long-term mortality in elderly patients (1) . Furthermore, a recent study reported that higher TSH and lower fT4 concentrations within the normal range are associated with lower risk of mortality in elderly patients (18) . Although the association between TSH levels and mortality was analyzed in a number of metaanalyses for patients with subclinical hypothyroidism, there is no analysis available for patients with overt hypothyroidism (19, 20, 21) . A definite conclusion is hard to reach as previous studies were limited by a number of factors, including age of participants, adjustment for comorbidities, single measurement of thyroid function and therapeutic intervention.
Unlike previous studies, focusing mainly on patients with subclinical hypothyroidism, we sought to examine the relationships, individually and combined, between TSH, fT4 and all-cause mortality in levothyroxine-treated adults with hypothyroidism.
Methods
Historical prospective data were extracted from the electronic medical records of all patients who were admitted to the medical wards in Rabin Medical Center, Israel, between January 2011 and January 2014. Inclusion criteria were age 60-80 years with a previous diagnosis of hypothyroidism with levothyroxine treatment. A diagnosis of hypothyroidism was based on either a recorded diagnosis of hypothyroidism in the medical records, defined by ICD-10 code (E03.2-E03.9), or on a documented chronic use of levothyroxine. Patients with thyroid cancer were excluded from the analysis. All patients were followed for at least 18 months and up to 66 months.
Rabin Medical Center, encompassing Beilinson and Golda-Hasharon campuses, is a tertiary-care facility with more than 1300 beds. Most of the admissions to the 10 medical wards are through the emergency department, and all patients' data are recorded in electronic medical charts, based on the same database platform used in community primary care facilities.
Electronic records of all adult hypothyroid patients treated with levothyroxine were manually searched for TSH and fT4 measurements between at least 30 days after discharge and until the end of follow-up. Levels of TSH were measured by chemiluminescence assay (IMMULITE 2000; Siemens Corp) for which the normal range limits are 0.55-4.78 IU/L. fT4 upper and lower limits are 10-20 pmol/L (22) . These are the normal values defined by the central laboratory at Clalit Health Services. Thyroid function blood tests were performed in an ambulatory setting, between 07:00 and 09:00 h (patients were not informed to take levothyroxine after the blood test).
Patients without documented TSH levels after discharge were excluded.
Median, maximal, minimal and average TSH levels between at least 30 days after discharge and until death or the end of follow-up were classified into the following categories: (1) <0.5, (2) 0.5-2.5, (3) 2.5-5.0, (4) 5.0-10.0 and (5) >10 IU/L. fT4 levels were classified into 4 categories: (1) <10, (2) 10-15, (3) 15-20 and (4) ≥20 pmol/L.
Mortality data were obtained from the hospital's mortality database, updated from the Ministry of the Interior Population Registry. Mortality data were collected until July 1, 2016.
Data regarding comorbidities, according to diagnoses as defined in the medical records, were collected. Data included malignancy, hyperlipidemia, hypertension, ischemic heart disease, chronic heart failure, chronic renal failure, cerebrovascular disease, chronic obstructive pulmonary disease, asthma, interstitial lung disease and inflammatory bowel disease.
Statistical analysis
The statistical analysis was generated using SAS Software, version 9.4 of the SAS System for PC, Copyright 2002-2012. SAS Institute Inc. and all other SAS Institute Inc. products or service names are registered trademarks or trademarks of SAS Institute Inc., Cary, NC, USA. Continuous variables are presented by mean ± s.d., categorical variables are presented by (n, %). Analysis of variance (ANOVA) was used to compare continuous variables between study groups. Logistic regression was used to compare dichotomous variables between study groups. Kaplan-Meier analysis was used to assess the effect of TSH, fT4 or their combination on survival.
Cox proportional hazards model was used to assess the above survival adjusted for study variables, including age, gender, smoking, alcohol, malignancy, chronic renal failure, ischemic heart disease, congestive heart failure, hypertension, chronic renal failure and cerebrovascular disease. Two-sided P values less than 0.05 were considered statistically significant.
Complete data were obtained for all the study variables, other than BMI and smoking. No imputation for missing data was done because missing at random cannot be assumed.
Results

Study cohort
Among 1250 patients aged 60-80 years with levothyroxine-treated hypothyroidism, the final cohort included 611 patients, predominantly female (440 (72%)), with a mean (s.d.) age of 71 ± 6 years. Excluded were 616 patients without documented TSH levels after discharge, as well as 23 patients with thyroid cancer (Fig. 1) .
During the follow-up, a total of 3370 TSH measurements and 1516 fT4 measurements were recorded. The average number of TSH measurements was 
Included in data analysis Figure 1 Patient flow diagram. The records of all patients aged 60-80 years admitted for any cause to the Rabin Medical Center's medical wards between January 2011 and January 2014 were screened as described in the text.
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A Akirov and others Thyroid function and mortality www.eje-online.org 5.5 ± 3.8 tests per patient. Most patients (77%) had at least three TSH measurements during the follow-up. Every measurement of an fT4 level included a concomitant TSH level measurement also; hence, the average number of fT4, or fT4 together with TSH level, was 2.5 ± 4.2 measurements per patient. Median TSH levels measured between at least 30 days after discharge and until death or the end of follow-up were classified as follows: TSH <0.5 IU/L, 24 patients (4%); TSH 0.5-2.5 IU/L, 199 patients (33%); TSH 2.5-5.0 IU/L, 235 patients (38%); TSH 5.0-10.0 IU/L, 113 patients (18%) and TSH >10.0 IU/L, 40 patients (7%). Because of the small number of patients with TSH <0.5 IU/L and TSH >10 IU/L, data were not analyzed for these groups. There was no significant difference between the numbers of TSH measurements among the various groups of patients with the different median TSH levels ( Table 1) .
Baseline characteristics and comorbidities, described in Table 1 , were generally similar between the TSH categories, with no difference in mean age, BMI, gender, smoking, alcohol, diabetes, chronic renal failure, congestive heart failure, ischemic heart disease and chronic obstructive pulmonary disease. Malignancy, hypertension and cerebrovascular disease were more common in patients with TSH levels between 5 and 10 IU/L, compared to patients with TSH between 0.5 and 2.5 IU/L (P < 0.05).
TSH levels and mortality
The median follow-up until death or end of follow-up was 997 days, with a mean follow-up of 1247 ± 201 days in the group of patients who survived until the end of follow-up and 555 ± 367 days in the group of patients who died during the follow-up. The average number of TSH measurements in patients still alive at the end of follow-up was 5.6 ± 3.6, compared with 5.4 ± 4.6 in those who died during the follow-up. Respective average numbers of fT4 measurements were 2.6 ± 2.5 and 2.3 ± 2.9.
During the follow-up, 184 patients with median TSH levels between 0.5 and 10 IU/L died (184/547 patients, 34%), with mortality rates of 28% (56/199 patients), 29% (67/235 patients) and 54% (61/113 patients) recorded in patients with median TSH of 0.5-2.5, 2.5-5.0, and 5.0-10.0 IU/L, respectively.
Unadjusted hazard ratio of all-cause mortality compared to median TSH levels between 0.5 and 2.5 IU/L was significant in subjects with median TSH levels between 5.0 and 10.0 IU/L (2.5, 95% CI, 1.8-3.6), but not with TSH levels between 2.5 and 5.0 IU/L. This held true following adjustments for age, gender, malignancy, ischemic heart disease, congestive heart failure, hypertension, diabetes, chronic renal failure and cerebrovascular disease, with a hazard ratio of 2.3 (95% CI, 1.6-3.4) in those with median TSH levels between 5.0 and 10.0 IU/L ( Table 2) .
The unadjusted and adjusted hazard ratios with median TSH levels between 5.0 and 10.0 IU/L compared to median TSH levels between 2.5 and 5.0 IU/L were 2.4 (1.7-3.4) and 2.2 (1.6-3.2), respectively.
The trend was similar with mean TSH levels and minimal TSH levels during follow-up (Fig. 2) . Free T4 levels and mortality fT4 levels after discharge and throughout the follow-up were available for 440 patients, with 32% all-cause mortality at the end of follow-up (140/440 patients).
Most patients had median fT4 levels in the normal range (10-20 pmol/L). Median fT4 levels were categorized as follows: less than 10 pmol/L (n = 8, 1%), 10-15 pmol/L (n = 211, 47%), 15-20 pmol/L (n = 191, 45%) and above 20 pmol/L (n = 30, 7%). Unadjusted hazard ratios (95% CI) of all-cause mortality compared to median fT4 levels between 10 and 15 pmol/L were 1.1 (0.8-1.5) for median fT4 levels between 15 and 20 pmol/L, 0.9 (0.4-1.9) for fT4 levels above 20 pmol/L and 1.2 (0.4-3.7) for median fT4 levels less than 10 pmol/L. After adjustment, respective hazard ratios were 1.1 (0.8-1.6), 1.2 (0.6-2.5) and 1.7 (0.5-5.4). The trend was similar with mean fT4 levels and minimal fT4 levels during follow-up. Median survival time after discharge was similar in patients with median fT4 levels of 10-15 pmol/L (1137 days, range 92-1940 days) and fT4 levels of 15-20 (1145 days, range 65-1614 days) (Fig. 3) . However, there was a marked difference in median time to death: 784 days (92-1401 days) with fT4 10-15 pmol/L compared to 548 days (65-1423 days) with fT4 15-20 pmol/L.
Free T4, TSH levels and mortality
Levels of both TSH and fT4 during follow-up were available for 440 patients. Due to the small number of patients with fT4 < 10 pmol/L and fT4 > 20 pmol/L, we did not analyze the data for these groups. Consequently, we analyzed the data for 358 patients with median TSH levels between 0.5 and 10 IU/L and median fT4 levels between 10 and 20 pmol/L. Patients were classified according to median TSH and fT4 levels as follows:
• Median TSH levels of 0.5-2.5 IU/L:
• With median fT4 levels between 10 and 15 pmol/L (n = 59, 16%).
• With median fT4 levels between 15 and 20 pmol/L (n = 61, 17%).
• Median TSH levels of 2.5-5.0 IU/L:
• With median fT4 levels between 10 and 15 pmol/L (n = 89, 25%).
• With median fT4 levels between 15 and 20 pmol/L (n = 74, 21%).
• Median TSH levels of 5-10 IU/L:
• With median fT4 levels between 10 and 15 pmol/L (n = 39, 11%).
• With median fT4 levels between 15 and 20 pmol/L (n = 36, 10%).
All-cause mortality rates at the end of follow-up were 31% (108/358 patients). As shown in Table 2 , the highest mortality rates were evident in patients with median TSH levels between 5 and 10 IU/L and median fT4 levels between 15 and 20 pmol/L (18/36 patients, 50%), and in those with median TSH levels between 5 and 10 IU/L and median fT4 levels between 10 and 15 pmol/L (18/39 patients, 46%). Mortality rates were lower in patients with other combinations of median TSH and fT4 levels.
With median fT4 levels between 10 and 15 pmol/L, the adjusted hazard ratio with median TSH levels between 5.0 and 10.0 IU/L was significant compared to median TSH levels between 0.5 and 2.5 IU/L (2.2, 1.0-4.3) and compared to median TSH levels of 2.5-5.0 IU/L (2.2, 1.2-4.3) ( Table 2 ). With median fT4 levels between 15 and 20 pmol/L, the adjusted hazard ratios with median TSH levels between 5.0 and 10.0 IU/L were 2.5 (1.2-4.9) and 2.5 (1.3-4.7) compared to median TSH levels between 0.5-2.5 IU/L and 2.5-5.0 IU/L, respectively. There was no significant difference between patients with median TSH levels of 5.0-10.0 IU/L and fT4 levels of 10-15 pmol/L (Fig. 4) . 
Discussion
Our study investigates thyroid function tests in levothyroxine-treated adults, with serial measurements of TSH and fT4 levels during a follow-up of up to 5.5 years. Results indicate that in adult patients with medically treated hypothyroidism and serial measurements of thyroid function tests, mortality rates are higher with median TSH levels above the normal range, with no significant difference between patients with median fT4 levels in the upper or lower normal range. Exploring the minimal and average TSH levels during follow-up proved a similar trend. Although several studies investigated the effects of subclinical and overt hypothyroidism on mortality, and others investigated the significance of single measurement of thyroid function tests, this is the first study to focus on levothyroxine-treated adult patients with repeated measurements of thyroid function tests (4, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17) (Table 3) .
The results of a recent retrospective study to evaluate the association between subclinical hypothyroidism and all-cause mortality indicated decreased mortality with TSH levels between 5 and 10 IU/L with a potential protective effect of subclinical hypothyroidism in the general population (23) . However, our results indicate that with levothyroxine treatment for hypothyroidism, these elevated TSH levels are associated with increased mortality. The increased mortality in treated patients with increased TSH levels could reflect a more general tendency to delay medical care or a low compliance to medical treatment, associated with uncontrolled hypothyroidism, as well as other uncontrolled comorbidities. Furthermore, high TSH levels have been associated with chronic kidney disease and abnormal lipid profile (24, 25) . In the presence of multiple comorbidities in elderly patients, it is even more difficult to define the association between thyroid function and mortality, though in this study we adjusted for most risk factors associated with excess mortality in this population.
Although the upper normal range for TSH levels are between 4.5 and 5.0 IU/L, some experts have suggested that the true upper limit is only 2.5 or 3 IU/L in healthy individuals without thyroid disease, whereas others maintain that the serum TSH distribution shifts toward higher values with age, independent of the presence of antithyroid antibodies (26) . Our results did not indicate any difference in all-cause mortality between levothyroxine-treated patients with median TSH levels between 0.5-2.5 or 2.5-5.0 IU/L, thus supporting the use of the current accepted threshold.
Yeap et al. reported that higher fT4 levels are associated with all-cause mortality in euthyroid older men (27) . Other studies reported an association between highnormal fT4 levels and risk of atrial fibrillation and low bone mineral density (28, 29, 30) . Furthermore, a recent study demonstrated better mobility, fitness and fatigue profiles in older adults with low-normal fT4 levels (31). We could not identify a similar difference in mortality between patients with median fT4 levels in the upper or lower half of the normal range. Accordingly, the highest mortality rates were documented in patients with median TSH levels above the normal range with median fT4 levels in the upper or lower half of the normal range, as half of these patients died during follow-up. Importantly, as previous studies were based on a single measurement of fT4 levels, our cohort included patients with up to 15 measurements of fT4 levels during follow-up.
However, although there was no difference in mortality at the end of follow-up or median survival with median fT4 10-15 or 15-20 pmol/L, we identified a significant early decrease in survival of patients with median fT4 levels between 15 and 20 pmol/L, which faded at the end of follow-up (Fig. 3) , and analysis of median time to death proved marked difference (784 days with fT4 levels 10-15 pmol/L compared to 548 days with fT4 levels 15-20 pmol/L). Similar trend was apparent with a combination of median TSH and fT4 levels. Thus, there is a potential early survival benefit with fT4 levels of 10-15 pmol/L compared to levels of 15-20 pmol/L, which disappears with long-term follow-up.
The current study has several limitations. First, many patients were excluded from the study as they had no measured thyroid function tests during follow-up. In this regard, we should mention that we collected thyroid function test results at least 30 days after discharge, in an attempt to overcome abnormal results associated with non-thyroidal illness syndrome during admission, thus excluding patients who died during hospitalization or in the following 30 days. Second, as this is not a prospective study, thyroid function tests were completed according to the physician's discretion. Although thyroid function tests were based on blood tests collected in the morning, information regarding the last dose of levothyroxine treatment was not available. Furthermore, data regarding duration of hypothyroidism were not available.
There are several possible explanations for the increased mortality associated with median TSH levels above the normal range, such as poor compliance with medical care, including levothyroxine treatment or more severe comorbidities in the group of patients with increased mortality that will lead to intracellular changes in thyroid hormone metabolism, which are not accounted for with fT4 measurements. Furthermore, it is possible that hypothyroidism per se is responsible for the increased mortality in the group of patients with elevated TSH levels. Although previous studies focused mainly on patients with subclinical hypothyroidism with conflicting results regarding the association between thyroid function and mortality (6, 8, 9, 10, 13) , we focused on patients aged 60-80 years with medically treated hypothyroidism, indicating clearly an increased mortality with elevated TSH levels.
Due to the retrospective nature of the study, cause and effect relationship between thyroid function tests and mortality cannot be concluded. Although baseline characteristics and comorbidities were generally similar between the TSH categories, malignancy, hypertension and cerebrovascular disease were more common in patients with TSH levels between 5 and 10 IU/L, compared to patients with normal TSH levels, highlighting the possibility that in patients with extensive comorbidities, thyroid function levels are not well controlled or associated with lower compliance to treatment. However, the association between elevated TSH levels and mortality was adjusted for the main comorbidities, including those mentioned previously. Furthermore, there was no difference in the number of thyroid tests measured throughout the follow-up between well-controlled patients and those with elevated TSH levels.
In patients with hypothyroidism, the aim of treatment is to achieve euthyroidism, but during longterm follow-up, repeated thyroid function evaluation is crucial to assess changes in thyroid function and adjust treatment accordingly. This is the first study to evaluate the association between serial TSH measurements and mortality, and its results indicate that in patients treated for hypothyroidism, levothyroxine dose should be adjusted to achieve TSH in the normal range, as levels above the normal are associated with increased mortality.
In conclusion, in adult patients with treated hypothyroidism and serial measurements of thyroid function tests during follow-up, median TSH levels above the normal range are associated with increased mortality. There was no difference in survival of patients with median fT4 in the upper or lower half of the normal range, but there was a potential early survival benefit for lower fT4 levels. Treatment with levothyroxine in hypothyroid individuals should thus aim at achieving euthyroidism to improve patients' survival.
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